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ABSTRACT 
As an important parameter of HIPIMS, pulse frequency has significant influence on the 
microstructure and mechanical properties of the deposited coatings, especially for the 
multi-component coatings deposited by using a spliced target with different metal sputtering yields. 
In this study, a single Al67Ti33-V-Cu spliced target was designed to prepare Al-Ti-V-Cu-N coatings 
by using high power impulse magnetron sputtering (HIPIMS). The results showed that the peak 
target current density decreased from 0.75 to 0.24 A∙cm−2 as the pulse frequency increased, along 
with the microstructure transferred from dense structure to coarse column structure. The pulse 
frequency has significant influence on chemical compositions of Al-Ti-V-Cu-N coatings, especially 
for Cu content increasing from 6.2 to 11.7 at.%. All the coatings exhibited a single solid-solution 
phase of Ti-Al-V-N, and the preferred orientation changed from (111) to (220) when the pulse 
frequency increased above 200 Hz. The decrease in peak target current density at high pulse 
frequencies resulted in a sharp decrease in the coating hardness from 35.2 to 16.4 GPa, whereas the 
relaxation of compressive residual stress contributed to an improvement in adhesion strength from 
43.3 to 79.6 N. 
 
Keywords: Al-Ti-V-Cu-N; Pulse frequency; Microstructure; Mechanical properties. 
1. Introduction  
Hard coatings have been widely applied for high-speed machining and cutting, which 
significantly improved the cutting life of coated tools. Among which, ternary TiAlN coatings were 
widely investigated due to excellent properties, including high hardness [1], oxidation resistance [2], 
corrosion resistance [3], and wear resistance [4]. Recently, the addition of vanadium has been 
reported to further improve the wear resistant of Ti1-xAlxN based hard coatings. Due to the 
lubrication oxides of Magnéli phases (e.g. V2O5) formed at elevated temperatures, Ti-Al-V-N 
coatings has been used as a potential candidate for anti-wear coatings [5, 6]. However, the addition 
of V in TiAlN coatings led to an earlier formation of rutile TiO2 and degraded the oxidation 
resistance of Ti-Al-V-N coatings [7]. In addition, the wear resistance of Ti-Al-V-N coatings 
deteriorated with the increase of V content due to the reduced resistance to oxidation at 500 °C [8]. 
It is well known that the hard coatings alloyed with some soft metal phases (e.g. Cu, Ag) to form 




nanocomposite structures could further improve the toughness and hardness [9] and obtain even 
lower friction coefficient [10–12]. For example, the addition of Cu in AlTiN coatings could 
significantly improve the coated tool life, which would due to the combination of self-lubricating 
effect and reduced thermal conductivity [13]. As is known to all, multicomponent coatings often 
possess various outstanding comprehensive properties such as high hardness, excellent wear 
resistance, good good ductility [14, 15]. Thus, it’s considered that the comprehensive performance 
of Ti-Al-V-N coatings could be further enhanced by alloying with Cu. 
To obtain superior coating performances, an advanced PVD technique, namely high power 
impulse magnetron sputtering (HIPIMS), has been widely applied for the deposition of hard 
coatings. In HIPIMS plasma, a highly ionized flux with high ion energy could be achieved by 
loading a high peak power densities to the target with a low duty cycle of less than 10% and a low 
pulse frequency less than 1 kHz [16]. As an important parameter of HIPIMS pulse, the pulse 
frequency has significant influence on the microstructure evolution and mechanical properties of the 
deposited coatings. For example, Samuelsson et al. [17] have studied the effect of pulse frequency 
on the deposition of ZrB2 coatings. Due to the degree of ionization increased, the residual stress 
changed from tensile to compressive when the pulse frequency decreased from 900 to 300 Hz. 
Nedfors et al. [18] have investigated the effect of pulse frequency, ranging from 200 to 1000 Hz, on 
the residual stress and mechanical properties of TiB2 coatings. Due to the ion-flux to the substrate 
increased at low pulse frequencies, the highest hardness of 49 GPa and compressive residual stress 
of 3.8 GPa achieved for the coating deposited at 200 Hz. Dai et al. [19] have explored the influence 
of pulse frequency on the deposition of diamond-like carbon coatings with AlCrSi co-doping. The 
high pulse frequency (400 Hz) effectively prevented the poisoning of metal target and decreased the 
arcing events, resulting in a smooth surface without macro-droplets. However, the effect of pulse 
frequency on the deposition of Al-Ti-V-Cu-N coatings has not been reported, especially for the 
multi-component coatings deposited by using a spliced target with different metal sputtering yields. 
The aim of this work was to investigate the influence of pulse frequency on the deposition and 
characteristics of Al-Ti-V-Cu-N coatings. The relationship between the pulse frequency and peak 
target current density, deposition rate, chemical composition, phase structure, residual stress and 
mechanical properties of Al-Ti-V-Cu-N coatings has been studied. 
2. Experimental 
2.1. Coating deposition 
Al-Ti-V-Cu-N coatings were deposited on cemented carbide and 316L stainless steel substrates 
by HIPIMS using a rectangular Al67Ti33-V-Cu spliced target (99.9% purity, 69 mm × 443 mm), 
which was consist of two metal targets of Cu and V, and a Al67Ti33 alloy target. The calculated 
erosion area of the spliced target was 239.5 cm2. In Fig. 1, a rotational substrate holder with a 
rotation speed of 3 rpm was fixed at the center of Al67Ti33-V spliced target, with a horizontal 
distance of 120 mm between the target and substrate holder. Before the deposition, all the cleaned 
and dried samples were installed on the rotational substrate holder. The vacuum chamber was 
pumped down to 5.0×10-3 Pa and heated up to 200 °C. After the substrates were etched by ion 
bombardment in pure Ar gas for 15 min, a thin inter-layer of CrN was first prepared by arc ion 
plating at a DC substrate bias of −120 V for 10 min. Al-Ti-V-Cu-N coatings were deposited by 
HIPIMS technique at a target power of 1.0 kW and a constant pulse length of 100 μs, whereas the 
pulse frequency varied from 160 to 500 Hz. 
During the coating deposition, the target voltage and current were measured by a digital 
phosphor oscilloscope (Tektronix, 2002B) with a voltage probe and a current monitor, respectively. 




                        (1) 
where f and τ refer to the pulse frequency and pulse length, V(t) and I(t) refer to the target voltage  





Fig. 1. Schematic diagram of 
the Al67Ti33-V-Cu spliced 
target and substrate position. 
 
Table 1 Deposition parameters of Al-Ti-V-Cu-N coatings deposited by HIPIMS. 
Parameters Values 
Base pressure (Pa) 5.0×10-3 
Working pressure (Pa) 0.6 
N2 /Ar flow rate (sccm) 10 / 40  
Working temperature (°C) 200 
Bias voltage (V) –100 
Target power (kW) 1.0 
Pulse length (μs) 100 
Pulse frequency (Hz) 160, 200, 300, 400, 500 
Duty cycle 1.6%, 2%, 3%, 4%, 5% 
Deposition time (min) 180 
 
and current, respectively. The deposition time was kept constant at 180 min, and the detail 
parameters of deposition were listed in Table 1. 
2.2. Coating characterization 
The surface and cross-section morphologies of the coatings were characterized by a field 
emission scanning electron microscopy (FE-SEM, Nano430), operating at an accelerating voltage 
of 10 kV. Then the deposition rates were calculated according to the coating thickness observed 
from the cross-sections. The chemical compositions were determined by energy-dispersive X-ray 
spectrum (EDX). The crystal structure of the coatings were analyzed by a X-ray diffraction (XRD, 
Bruker D8 Advance) with Cu Kɑ radiation operated at 40 kV and 40 mA. The instrument was 
carried out in the Bragg-Brentano mode at a scanning range of 10° – 90° with a step size of 0.02°. 
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Fig. 2. The electrical characteristics of (a) target voltage and (b) target current of the Al67Ti33-V-Cu 
spliced target at various pulse frequencies. 
where I(hkl) and I0(hkl) refer to the intensity of the measured (hkl) peak in the coatings and the relative 
standard intensity of TiN powder (JCPDS 38-1420) respectively, and n is the number of reflections 
considered. Selected sample was further characterized the chemical bonding state of the coating by 
X-ray photoelectron spectroscopy (XPS, Escalab 250Xi). Before the measurement, the coating 
surface was sputter etched by Ar+ (3 keV) ion bombardment for 120 s to remove the surface 
contamination. 
The residual stress of the coatings were determined on stainless steel substrates by a film stress 
tester (FST-1000, Supro Instruments) based on the substrate curvature method [21]. The coating 
hardness and elastic modulus were measured on cemented carbide substrates by nanoindenter 
(NHT2, CSM). At least five indentation tests were carried out for each sample at a maximum 
applying load of 10 mN. The adhesion strength of the coatings were examined by a scratch tester 
(RST, CSM) at a maximum load of 80 N and a scratch length of 3 mm. 
3. Results and discussion 
3.1. Discharge characteristic and deposition rate 
Fig. 2 shows the characteristics of HIPIMS discharge of Al67Ti33-V-Cu spliced target at various 
pulse frequencies. As shown in Fig. 2(a), all the pulse lengths kept constant at 100 μs with the pulse 
frequency ranging from 160 to 500 Hz, and all the target voltages exhibited a rectangular pulse 
shape. The peak target voltage increased from 755 to 864 V when the pulse frequency decreased 
from 500 to 160 Hz. The time -dependent target current was plotted in Fig. 2(b), the target current 
first increased sharply to a maximum value, and then reached a stable status for a short time. When 
the pulse frequency decreased, similar trends observed in the peak target current that increased 
drastically from 58 to 180 A. At the lowest pulse frequency of 160 Hz, the shape of target current 
exhibited a fluctuating curve at the end of pulse, indicating that the spliced target discharge was 
unstable at a low pulse frequency below 160 Hz. 
Fig. 3(a) presents the peak target current density as a function of pulse frequency. The peak 
target current density decreased linearly from 0.75 to 0.24 A∙cm−2 when the pulse frequency 
increased. It was reported that a high peak target current resulted in an increase of ionization rate 
and plasma density [22, 23]. Thus, it can be inferred that the ionization rate of spliced target 
increased with the decrease of pulse frequency. Moreover, the average target power Pa at various 
pulse frequencies were calculated by using Eq. (1), which was also plotted in Fig. 3(a). It was worth 
noting that the average target power Pa increased linearly from 1.24 kW to a maximum value of 
1.38 kW when pulse frequency increased from 160 to 300 Hz, and then decreased to 1.27 kW at 500 
Hz. The variation in average target power Pa would be directly related to the decrease of target 
voltage and current at high pulse frequencies. As shown in Fig. 3(b), the deposition rate increased 
linearly from 4.1 to 5.9 nm/min with increasing the pulse frequency from 160 to 300 Hz. This 





Fig. 3. (a) The peak current density and average target power, and (b) deposition rates of the 
coatings at various pulse frequencies. 
 
Fig. 4. Chemical compositions of 
Al-Ti-V-Cu-N coatings deposited 
at various pulse frequencies. 
 
demonstrated that the higher deposition rates achieved at higher average target powers. However, 
when the pulse frequency further increased to 500 Hz, the deposition rate increased up to 6.2 
nm/min, which would be related to the sharp decrease of peak target current density. The back 
attraction effects at target surface reduced at a low ionization rate, which led to more metal ions and 
atoms flied toward the substrates, contributing to an increase in deposition rate [24]. Additionally, 
due to the weakening of ion bombardment at high pulse frequencies, the reflection or desorption of 
atoms and ions at the substrate surface decreased, which would also contribute to the increase of 
deposition rate [25]. 
3.2. Chemical composition and microstructure 
Fig. 4 illustrates the chemical compositions of Al-Ti-V-Cu-N coatings deposited at various 
pulse frequencies. With increasing the pulse frequency, N content initially decreased and then 
remained at ~51.5 at.%. The N/(Al+Ti+V) atomic ratios were in the range from 1.28 to 1.42, 
indicating that a relatively high N2/Ar gas ratios of 1:4 resulted in the over-stoichiometric of N 
element in Al-Ti-V-Cu-N coatings. Moreover, the calculated Al/Ti atomic ratios were found in the 
range of 2.0 to 2.3, which was slightly higher than the original contents in Al67Ti33 alloy target. It 
demonstrated that a higher sputtering yield achieved for Al element than that of Ti element 
sputtered from the alloy target [26]. Due to the different mass of the sputtered elements of Al and Ti, 
leading to the scattering and variation of gas phase during the metal atoms transported from the 
target to substrate [27]. In addition, the re-sputtering by Ti ions would occur due to the higher 
ionization rate of Ti than Al, which led to a decrease in Ti species deposited on the substrate surface  





Fig. 5. (a) X-ray diffractograms and (b) texture coefficients of Al-Ti-V-Cu-N coatings deposited at 
various pulse frequencies. 
[28]. When the pulse frequency increased from 160 to 500 Hz, V content was kept in a small range 
of 10.3 to 11.6 at.%, while Cu content increased gradually from 6.2 to 11.7 at.%. This phenomenon 
would be due to the decrease of peak target current density at high pulse frequencies, leading to a 
decrease in ionization rate of the metal atoms which reacted easily with nitrogen. Meanwhile, Cu 
element has much higher sputtering yield and lower ions/atoms ratio in the plasma [29], 
contributing to an increase in Cu content at higher pulse frequencies. Thus, the calculated 
stoichiometric ratio of the coatings changed from Al0.20Ti0.10V0.10Cu0.06N0.54 at 160 Hz to 
Al0.18Ti0.08V0.10Cu0.12N0.52 at 500 Hz. This implied that pulse frequency has significant influence on 
the chemical compositions of Al67Ti33-V-Cu spliced target, especially for Cu element. 
Fig. 5(a) shows the X-ray diffractograms of Al-Ti-V-Cu-N coatings deposited at various pulse 
frequencies. As compared with the standard peaks of c-TiN (JCPDS 38-1420), c-AlN (JCPDS 
25-1495), and c-VN (JCPDS 35-0768) as inserted in Fig. 5(a), all the diffraction peaks of the 
coatings were centered between the standard peaks. It implied that all the coatings exhibited a 
cubic-type B1 structure with (111), (200), (220) and (222) crystal planes, corresponding to a 
solid-solution phase of Ti-Al-V-N. Due to the similar atomic radius of Al and V, the solid solution 
phase of Ti-Al-V-N was formed by the incorporation of V in face-centered-cubic (FCC) TiAlN 
lattice [6]. Although a diffraction peak at ~43.3° closed to the (111) plane of Cu phase (JCPDS 
85-1326), but no other diffraction peaks of Cu phase could be identified in the X-ray diffractograms, 
indicating that Cu atoms distributed within the Ti-Al-V-N lattice or in an amorphous state. When 
the pulse frequency increased, the diffraction intensity of nitride coatings decreased, indicating that 
a decrease in crystallinity. In addition, all the diffraction peaks shifted toward higher diffraction 
angles with increasing the pulse frequency, implying that a decrease in lattice parameters. To clarify 
this point, the lattice parameters and strains of Al-Ti-V-Cu-N coatings were calculated by using 
Gaussian fittings [30], as listed in Table 2. As the pulse frequency increased from 160 to 500 Hz, the 
lattice parameters decreased from 4.20 to 4.17 Å. This phenomenon could be due to the relaxation 
of residual stress induced by the reduced ion bombardment at high pulse frequencies. Meanwhile, 
the increased Cu content at high pulse frequencies would also contribute to the decrease of lattice 
parameters. It was found that the Cu atoms escaped from the Mo-N lattices when the Cu content 
increased above 7 at.%, resulting in the resultant lattice shrink [31]. 
The intensity of preferred orientation was quantified by texture coefficient T(hkl), which can be 
calculated by using Eq. (2). As shown in Fig. 5(b), it was found that the pulse frequency has a 
significant influence on the texture coefficient of Al-Ti-V-Cu-N coatings. At a low pulse frequency 
of 160 Hz, the coating exhibited a strong (111) preferred orientation with a high texture coefficient 
of 2.27, which demonstrated that the strong ion bombardment enhanced the (111) texture. Similar 
results were observed in AlTiN coatings deposited by HIPIMS that the (111) preferred orientation  




Table 2 Lattice parameters and strains of Al-Ti-V-Cu-N coatings at various pulse frequencies. 
Planes 
Lattice parameters a0 (Å) Strains ɛ (%) 
1.6% 2% 3% 4% 5% 1.6% 2% 3% 4% 5% 
(111) 4.20  4.20  4.16  4.16  4.16  0.74 1.07 0.75 0.65 0.60 
(200) 4.19  4.19  4.16  4.16  4.16  1.29 1.29 1.24 1.30 1.28 
(220) 4.22  4.21  4.21  4.21  4.20  1.06 1.01 0.90 0.98 1.01 
(222) 4.20  － － － － 0.68 － － － － 
Mean 4.20  4.20  4.18  4.18  4.17  0.94 1.12 0.96 0.98 0.96 
Stdev 0.01  0.01  0.03  0.03  0.02  0.29 0.15 0.25 0.33 0.34 
induced by the strong ion bombardment [32]. When the pulse frequency increased to 200 Hz, the 
texture coefficient of (111) plane decreased sharply to 0.79, while the (220) plane achieved the 
highest texture coefficient of 3.12. Thus, the preferred orientation of the coatings has changed from 
(111) to (220) at high pulse frequencies above 200 Hz. In addition, the (222) diffraction peak 
disappeared and a weak (200) plane with a low texture coefficient of 0.09 appeared. According to 
thermodynamic model [33], as for the transition metal nitrides with B1-NaCl structure, (111) plane 
with the lowest strain energy can be expected when the strain energy was dominant, while (200) 
plane with the lowest surface energy can be predicted when the surface energy was dominant. Thus, 
the preferred orientation of (220) plane observed for Al-Ti-V-Cu-N coatings at high pulse 
frequencies cannot be explained by above surface energy or strain energy model. According to 
growth kinetic model [34], the (111) plane is more close-packed of NaCl structure, while the (220) 
plane is the most open channeling direction. Thus, (220) plane have a higher probability of survival 
than (111) plane due to anisotropy of collision effect [14]. In addition, another picostructural model 
presented by Perry et al. [35] that the texture of TiN coatings could be affected by the formed lattice 
defects. As for the over-stoichiometric TiN coatings, the additional nitrogen was incorporated as 
dumb-bell pairs in the second nearest neighbor tetrahedral sites, which resulted in the preferred 
orientation of (200) or (220) plane. Similarly, the over-stoichiometric Al-Ti-V-Cu-N coatings 
favored a strong (220) preferred orientation with the highest lattice strain of 1.12% at 200 Hz. When 
pulse frequency increased to 500 Hz, the texture coefficient of (220) plane decreased to 1.78, while 
that of (111) and (200) planes reached 1.47 and 0.75, respectively, indicating no obvious preferred 
orientation. In this study, by applying increased pulse frequency, the additional energy delivered on 
the coating surface by ions bombardment decreased. Thus, these variations in preferred orientation 
of Al-Ti-V-Cu-N coatings was related to the combination effect of surface energy, adatom mobility 
and ion bombardment. 
Fig. 6 shows the fitted XPS spectra of Al 2p, Ti 2p, V 2p3/2, Cu 2p3/2 and N 1s of the Al-Ti-V-Cu-N 
coating deposited at 300 Hz. As depicted in Fig. 6(a), the Al 2p spectra could be fitted into two 
sub-peaks: a major peak at 73.8 eV and a weak peak at 75.1 eV, corresponding to TiAlVN and 
Al2O3, respectively. A high binding energy of 77.3 eV was found in the Al 2p3/2 spectra, 
corresponding to the Al2O3. In Fig. 6(b), the asymmetric Ti 2p peak could be deconvoluted into four 
peaks, including the nitride peaks TiAlVN (Ti 2p3/2: 454.8 eV, Ti 2p1/2: 460.5 eV), and 
sub-stoichiometric peaks TiOx (Ti 2p3/2: 456.6 eV, Ti 2p1/2: 462.3 eV) [36]. In Fig. 6(c), two peaks 
centered at 514.4 and 516.4 eV in the V 2p3/2 spectra can be corresponded to TiAlVN and V2O5 
species, respectively. In Fig. 6(d), the Cu 2p3/2 spectra could be fitted into two peaks: a dominant 
peak at 932.6 eV and a weak peak at 933.9 eV, corresponding to metallic Cu and minor CuO, 
respectively. It indicated that the Cu atoms formed in metal state in the coatings. For the N 1s 
spectra in Fig. 6(e), a high binding energy centered at 399.0 eV can be corresponded to the 
contaminants such as organic or adsorbed N [37]. Whereas the major peak centered at 397.7 eV 
could be assigned to TiAlVN bonding, which demonstrated that the formation of Ti-Al-V-N solid 





Fig. 6. Fitted XPS spectra of Al-Ti-V-Cu-N coating deposited at 300 Hz: (a) Al 2p, (b) Ti 2p, (c) V 
2p3/2, (d) Cu 2p3/2, (e) N 1s. 
solution phase in XRD. 
Fig. 7 presents the surface morphologies of Al-Ti-V-Cu-N coatings deposited at various pulse 
frequencies. In Fig. 7(a)–(b), the coatings exhibited relatively smooth surfaces with few  
micro-particles at low pulse frequencies. Similar results were also found in TiN coatings deposited by 
HIPIMS that an increased ion bombardment led to a smooth surface at low duty cycles [38]. Moreover, the 
individual plate-like patterns could be clearly identified on the coating surfaces, which similar to the 
morphology of polished WC-Co substrate that used for the coating deposition. It would be due to 
the effect of strong ion bombardment and etching on growing coating surfaces, leading to obvious 
template growth effect. As the pulse frequency increased above 300 Hz, the  





Fig. 7. Surface morphologies of Al-Ti-V-Cu-N coatings deposited at various pulse frequencies: (a) 
160 Hz, (b) 200 Hz, (c) 300 Hz, (d) 400 Hz, (e) 500 Hz. 
coating surfaces exhibited nanoscale granular structure, which would be corresponded to the top of 
columnar structure. When the pulse frequency increased, much more and larger micro-particles 
formed on the coating surfaces, implying that much rougher surfaces formed at higher pulse 
frequencies. Due to the peak target current density decreased at high pulse frequencies, the surface 
adatom energy and mobility induced by ion bombardment decreased, and reduced the grain 
boundary migration, resulting in the increase of the granular size and columns growth. 
Fig. 8 displays the corresponding cross-sectional morphologies of Al-Ti-V-Cu-N coatings. Due 
to a dense CrN interlayer with a thickness of ~400 nm first prepared by arc ion plating, bi-layer 
structure can be clearly identified in the cross-sectionals of all coatings. No obvious grow defects 
could be observed in the interfaces, implying that a good adhesion interface achieved between 
Al-Ti-V-Cu-N coatings and the substrates. As shown in Fig. 8(a)–(b), Al-Ti-V-Cu-N coatings 
exhibited a dense and fine column structure at low pulse frequencies, which can be corresponded to 
II-type structure in Thornton model [39]. This dense column structure could be attribute to the effect 
of intense ion bombardment induced by the high peak target current density. However, when the 
pulse frequency increased above 300 Hz, the coatings exhibited a typical T-type structure with 
coarse columnar grains. This implied that the microstructure of Al-Ti-V-Cu-N coatings transferred 
from II-type to T-type structure with increasing the pulse frequency. Similar T-type and II-type 
structures were observed in TiAlN/VN coatings when the substrate bias voltage increased [40]. 
3.3. Mechanical properties 
Fig. 9 shows the residual stress of Al-Ti-V-Cu-N coatings as a function of pulse frequency. All 
the coatings presented high compressive residual stress, especially for the coatings deposited at low 
pulse frequencies. When the pulse frequency increased from 160 to 300 Hz, the compressive 
residual stress decreased sharply from 5.6 to 2.3 GPa, then decreased slightly to 1.6 GPa at 500 Hz. 
Such a decrease in residual stress could be associated with two simultaneous effects. First, the 
relaxation of residual stress would be mainly due to the reduced ions bombardment effect induced 
by low peak current densities. It was found that the formation of sharp interfaces induced by high 
ion bombardment, which led to an increase in defect concentration and hence increased the 
compressive residual stress [41]. Second, the reduced residual stress would be related to the  





Fig. 8. Cross-sectional morphologies of Al-Ti-V-Cu-N coatings deposited at various pulse 
frequencies: (a) 160 Hz, (b) 200 Hz, (c) 300 Hz, (d) 400 Hz, (e) 500 Hz. Inset is the corresponding 
elemental mapping of the cross-section. 
 
Fig. 9. Residual stress of 
Al-Ti-V-Cu-N coatings as a 
function of pulse frequency. 
increase of Cu content in Al-Ti-V-Cu-N coatings at high pulse frequencies. Similar results were 
found in MoN coatings that the residual stress could be released by the presence of a ductile copper 
phase [42]. 
Fig. 10 displays the hardness and elastic modulus of Al-Ti-V-Cu-N coatings as a function of 
pulse frequency. It can be seen that the pulse frequency has a significant influence on the hardness 
and elastic modulus, which decreased sharply from 35.2 to 16.4 GPa and 461.1 to 348.6 GPa, 
respectively. It is well known that the hardness and elastic modulus of the coatings can be correlated 
to the variations of microstructure, residual stress and chemical composition. As discussed above, 
with increasing the pulse frequency, the ion bombardment effect reduced and the microstructure 








compressive residual stress and increased Cu content also resulted in the decrease of hardness and 
elastic modulus [44]. In addition, it was reported that the H3/E*2 ratio could be used to predict the 
resistance against plastic deformation [45]. As same as the variation trend of hardness, the H3/E*2 
ratio decreased sharply from 0.18 to 0.03 when the pulse frequency increased from 160 to 500 Hz.  
 
Fig. 10. Hardness and elastic modulus of 
the coatings as a function of pulse 
frequency. Inset is the corresponding H3/E*2 
ratio. 
 
Fig. 11. (a) Scratch track morphologies and (b) adhesion strengths of Al-Ti-V-Cu-N coatings 
deposited at various pulse frequencies. 
















The adhesion strength of Al-Ti-V-Cu-N coatings were evaluated according to the morphologies 
of scratch tracks, which were observed by an optical microscope (OM). The full-length scratch 
track morphologies of the coatings deposited at various pulse frequencies were presented in Fig. 
11(a). No obvious delamination was observed in the scratch tracks, implying that all coatings 
exhibited good adhesion with the WC-Co substrates due to the adhesion layer of CrN, which was in 
consistent with the dense coating/substrate interfaces observed in Fig. 8. Especially for the coating 
deposited at high pulse frequency of 500 Hz, only few edge chippings were found until the scratch 
load reaching a maximum value of 80 N, implying that an excellent adhesion strength was achieved. 
Fig. 11(b) shows the adhesion strength of Al-Ti-V-Cu-N coatings as a function of pulse frequency. 
It can be clearly seen that the adhesion strength increased linearly from 43.3 to 79.6 N when the 
pulse frequency increased from 160 to 500 Hz. The excellent adhesion strength would be benefited 
from the combined effects of high H3/E*2 ratio and appropriate compressive residual stress [46, 47]. 
In current work, the improvement of adhesion strength of Al-Ti-V-Cu-N coatings at high pulse 
frequencies would be mainly due to the relaxation of high compressive residual stress. 
4. Conclusions 
Al-Ti-V-Cu-N coatings were synthesized by HIPIMS with a single Al67Ti33-V-Cu spliced target, 
and the influence of pulse frequency on the microstructure, chemical composition, residual stress, 
mechanical properties of the coatings was investigated. All the coatings exhibited a FCC Ti-Al-V-N 
solid-solution phase, and the preferred orientation changed from (111) to (220) at high pulse 
frequencies above 200 Hz. The pulse frequency has significant influence on chemical compositions 
of the coatings, especially for the Cu element. The stoichiometric ratios of the coatings changed 
from Al0.20Ti0.10V0.10Cu0.06N0.54 at 160 Hz to Al0.18Ti0.08V0.10Cu0.12N0.52 at 500 Hz. When the pulse 
frequency increased, the ion bombardment effect reduced, which resulted in a sharp decrease in 
coating hardness from 35.2 to 16.4 GPa, along with the decrease of compressive residual stress 
from 5.6 to 1.6 GPa, while the adhesion strength increased linearly from 43.3 to 79.6 N. 
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